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We embed models of holographic dark energy coupled to dark matter in minimal super¬ 
gravity plus matter, with one chiral superfield. We analyze two cases. The first one has 
the Hubble radius as the infrared cutoff and the interaction between the two fluids is 
proportional to the energy density of the dark energy. The second case has the future 
event horizon as infrared cutoff while the interaction is proportional to the energy density 
of both components of the dark sector. 
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1. Introduction 

Sixty eight percent of our univers^ consists of a still mysterious component called 
“dark energy” (DE), which is believed to be responsible for the present acceleration 
of the universe Among a wide range of alternatives for the dark energy (see 
Ref. |4]for review), which includes the cosmological constant, scalar or vector fields, 
modifications of gravity and different kinds of cosmological fluids, the usage of a 
canonical scalar field, called “quintessence”, is a viable and natural candidate.^^HH 
Another striking attempt to explain the acceleration comes from holography. The 
holographic principle states that the degrees of freedom of a physical system scales 
with its boundary area rather than its volume.^^ Cohen and collaboratorsug¬ 
gested that the dark energy should obey this principle, thus its energy density has 
an upper limit and the fine-tuning problem for the cosmological constant is elimi¬ 
nated. Refs. [CT [Ml followed the previous ideas regarding holography and argued that 
the holographic dark energy (HDE) has an energy density given hy po = jL'^ 

= 8ttG = 1), where c is a constant and L is an infrared (IR) cutoff. The 
first choice for L was the Hubble radius however it led to an equation of state 
that describes dust.^ The correct equation of state for dark energy was obtained 
by El when he chose the future event horizon as the IR cutoff. The problem with 
the Hubble radius as the IR cutoff could be avoided assuming the interaction be¬ 
tween dark energy and dark matter (DM) .El Such interaction was first proposed in 
the context of quintessence,ElEl since the energy densities of the DE and DM 
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are comparable, the interaction can alleviate the coincidence problem^^li^ Taking 
the coupling into account, the HDE with Hubble radius as IR cutoff could lead to 
an accelerated expansion of the universe and also solve the coincidence problem^^ 
Li’s proposal could also be generalized assuming the interaction between the two 
components of the dark sectorP^lt^ 

From the point of view of theoretical physics, it would be interesting find out 
a model of dark energy from first principles. Since supergravity is the low-energy 
limit of the superstring theory, it is natural to investigate if it can provide a model 
that describes the accelerated expansion of the universe. The simplest supergravity 
case is with one supersymmetry {J\f = ij^ and in this framework Refs. ESI EH EH 
presented some models that try to describe dark energy through quintessence. Due 
to the prominent role of the AdS/CFT correspondence^ to relate both supergravity 
and holography concepts, it is natural to ask if there is any connection between 
supergravity (even for A/" = 1) and HDE. As showed in Ref. ESI it is possible to 
establish a connection between HDE and different kind of scalar fields, such as 
quintessence, tachyon and K-essence, through reconstructed scalar potentials. 

In this paper we show that the HDE in interaction with DM can be embedded 
in minimal supergravity plus matter with a single chiral superfield. The interaction 
between HDE and DM is taken into account because they are generalizations of 
some uncoupled cases, namely, the models presented in Ref. EEl EH We use Planck 
units (h = c = SttG = 1) throughout the text. 

We assume that the dark energy is coupled with dark matter, in such a way that 
total energy-momentum is still conserved. In the fiat Friedmann-Robertson-Walker 
background with a scale factor a, the continuity equations for both components are 


P'd + + wd)pd =—Q, PM + 5HpM = Q, ( 1 ) 

where H = a/a is the Hubble rate, Q is the coupling and the dot is a derivative 
with respect to the cosmic time t. The index M stands for dark matter. The case 
Q > 0 corresponds to dark energy transformation into dark matter, while Q < 0 is 
the transformation in the opposite direction. In principle, the coupling can depend 
on several variables Q = Q{pm, p^,, H,...), but assuming it is a small quantity, 
the interaction term can be written as a Taylor expansion, giving rise to three 
main kernels: (i) Q oc HpM, (ii) Q oc Hpo and (iii) Q oc H{pM + Pd)- In the 
context of HDE, the second kernel was used in Ref. [HD, while the third one is found 
in Ref. EOl ESI Both kernels generalize previous results,respectively, thus the 
correspondent models are good choices to analyze whether they can be embedded 
in minimal supergravity or not. 


^ Extended supergravities can be applied to cosmology as well, see for instance.l^l^They are closer 
to string theory, however minimal supergravity can work as an effective theory or an approximation. 
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2. HDE with Hubble radius as IR cutoff 

First we will consider the size L as the Hubble radius thus the energy density 

for the dark energy becomes 


PD = (2) 

which describes a pressureless fluicP^in the absence of interaction with dark matter. 
When one considers such interaction,the fluid has an equation of state that can 
describe the dark energy. We consider the interaction Q = Sb^Hpo, where b is 
a constant which measures the strength of the interaction. The equation of state 
for dark energy with this interaction is written in terms of the ratio of the energy 
densities r = pm/pd = (1 “ 


w_d = -1 + - 6^ = - 


1 — 


(3) 


In order to reconstruct a holographic scalar field model we should relate ([3]) 
with the scalar field (j). Using the energy density and the pressure for the scalar field 
p<f> = ^^/2 + U((/>) and p^j, = <^^/2 — we have 


i2 


= (1 


= (1 - w^j,) 


Pcj} 


(4) 


Using dH) and ([3]) into (HI we have the potentiaP^ 


V{4>) = 


(5) 


where B = ^ (3 - and /c = 1 - b‘^^/{l - c^). 

On the other hand, the scalar potential in minimal supergravity with no D-terms 
is given by 


V = \W^ + K^W\^ - Z\W\^') , (6) 

for a single complex scalar field. The potential above depends on a real function 
K = called Kahler potential, and a holomorphic function W = IU(<I>), 

the superpotential. is the Kahler metric, IU$ = and 

We will use the same choices of Ref. EH for K and lU, namely, the string-inspired 
Kahler potential K = — ln($-|-$), which is present at the tree level for axion-dilaton 
field in string theory, and the superpotential W = where A is a constant. 

With these choices, with the imaginary part of the scalar field stabilized at zero (Im 
$) = 0 and the field redefinition Re $ = we get the scalar potential expressed 
in terms of the canonical normalized field (j) 
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= (7) 

where /3 = 2q; + 1. Comparing (O and ([7]) we have B = (3 and = \72/(/3-\//3^ — 3), 
with /3^ > 3. Thus, the two parameters b and c determine the exponent a of the 
superpotential and the parameter A. We notice in this case that A is not an indepen¬ 
dent parameter, but it depends on b and c as well. Even if we would have a way to 
know what is the value of a or rather, /3, we could not know the specific values of b 
and c. The opposite direction is favored, because once one finds out observationally 
b and c, the HDE can be embedded in a specific supergravity model. If there is no 
interaction (b — 0) (3 = \/3/(2c-\/2), but wd = 0. 

The kernel used so far simplifies wd in such a way that ([S]) was written with 
no need of any approximation. When one considers the other possibilities for the 
interaction Q [(i) or (iii)], the scalar potential cannot be written as easy as it was 
in ©• We illustrate this possibility now, but with other IR cutoff. 


3. HDE -with future event horizon as IR cutoff 

We will analyze another possibility of HDE with the kernel Q — 3b^H{pM + pn) 
and with the future event horizon Re = a dt/a = c\/l + r/H as the IR cutoff. 
The choice of L is done because when 6 = 0 the original Li’s model of HDliSl is 
recovered. The energy density for the HDE is 


Pd 


3H^ 
1 -I- r 


and the equation of state for HDE becomes 


( 8 ) 


WE = -l 




(9) 


where Qd = Pd/{pd + Pm) = (1 -|- r) ^ is the density parameter for DE. Using (|5]) 
and in 0 we have 


02 = 2H^nD (^1 - ^ 



( 10 ) 


U ( 0 ) = H'^^d 



3^/TIe 

C 



( 11 ) 


From the equations above we see that we have to know the evolution of Dd in order 
to fully determine V (0) as a function of 0. The evolution equation for ilo was found 
in Ref. [20] and it is 
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^ = (1 - rio) 


1 


362 


Cy/TlD — 0,d) 


( 12 ) 


where the prime is the derivative with respect to In a. To solve this differential 
equation we let y = 1/thus the equation (fT^ becomes 


(13) 


In order to have an analytic solution of (IT^ we will investigate the asymptotic 
behavior of flu, for small and large a. For very small a we have Hd —>■ 0 and y —>■ oo, 
therefore (USD is approximately 




(14) 


which leads to the solution ~ provided that 6 should be 

smallPSI Since SId scales with a, the contribution of the dark energy in the early 
universe is negligible. We also see from m that the term between brackets should 


be positive and small, then ^ oc H\/WId is small. Therefore, we have (()(a) ^ 

Due to the small contribution of riu, we neglect it at this limit and we will focus 
on large a, where HDE is dominant. 

For large a we have IId —>■ 1, and y —>■ 1. Thus, the last term in the equation (IT^ 
is the dominant one, so y' ~ and fin = floa~^^ , where flo is the value of IId 
at tto = 1. Since fin = we have 1 + wn = 6^ which is very 

small if we consider the present value of wn given by Planck.® Thus we neglect the 
last term in (fTUp and we assume the dark energy dominance. We have = flp ~ 1 
at large a and (HUD yields 


02 a; . (15) 

The equation above implies that wn ~ ” 3(1 + 2/c), which is the Li’s proposal.^SI 
Equation (Ha has the solution 


0 ( 0 ) = 



The second Eriedmann equation at large a leads to H 
The scalar potential (ED becomes 


(16) 


(^anda = t3/(-i). 


E(0) 




9c2 


1 t C— 1 \ 

K—) 


(17) 
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Similarly to before, comparing (HZD with © we see that both (3 and A are deter¬ 
mined by the constant c. Equation (II3 was deduced for a dark-energy-dominated 
universe, in such a way that the interaction with dark matter is absent, as it should 
be in this limit. 

A more realistic scenario could not be found analytically, in opposite to the pre¬ 
vious case, where the scalar potential was written with no approximations. Different 
kernels for the coupling Q may be tried, although the main features of the method 
were expressed in these two cases. The other alternatives are similar. 

4. Conclusions 

In this paper we embedded two models of HDE in the minimal supergravity with 
one single chiral superfield. In the first model we used the Hubble radius as the IR 
cutoff and an interaction proportional to po, while in the second one we used the 
future event horizon as IR cutoff and the kernel proportional to pn + pm- In both 
cases the free parameters of our superpotential could be expressed in terms of the 
constants c and b, depending on the model. The second case is embedded only for a 
dark-energy-dominated universe, while the first one is more general. There are other 
ways to embed HDE in minimal supergravity, as for instance the choices of Kahler 
potential and superpotential made in Ref. |3T|for the inflationary scenario. However, 
the main results are the same, that is, a way to relate HDE and supergravity. Due 
to the nature of the holographic principle and recalling that extended supergravity 
is the low-energy limit of string theory, the relation presented here has perhaps a 
deeper meaning, when one takes a quantum gravity theory into account. 
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